An ecological consequence of climate change is the alteration of food-web structures. Species with 10 ontogenetic (age-dependent) diet variation, such as Atlantic salmon (Salmo salar), may exhibit an age-11 dependent response to food-web perturbations, which may subsequently influence the demographic structure. 12 We previously showed that age at maturity in Atlantic salmon is primarily influenced by few genomic regions 13 (vgll3 and six6), but whether these regions are linked to diet is unknown. We hypothesized that genetic 14 variation in these life history genomic regions govern age-dependent resource utilization efficiency, which 15 would subsequently influence age at maturity. To test this, we first performed stomach content analysis of 16 Atlantic salmon sampled at sea on their return migration to fresh water, followed by targeted genotyping by 17 sequencing. Here, we first showed that Atlantic salmon change their feeding strategies along their ontogeny.
markers was performed as outlined in (Ozerov et al. 2017) . Samples were further genotyped by 143 targeted sequencing at 173 SNP markers and the sex determination locus (sdy) as outlined in (Aykanat 144 et al. 2016), with some modifications. Briefly, 174 genomic regions were first amplified in one 145 multiplex PCR using locus-specific primers with truncated Illumina adapter sequences and using 146 primer concentrations re-optimized for the Illumina platform (Supp. Table 1 ). The PCR products were 147 6 then treated with Exonuclease I and FastAP Thermosensitive Alkaline Phosphatase (Thermo Fisher) to 148 remove unused primers and nucleotides. After the treatment, the products were re-amplified with 149 adapter-specific primers containing Illumina and sample-specific dual-indexes. The index set was 150 optimized using the BARCOSEL software (Somervuo et al. 2018) . The PCR products were then 151 pooled, purified and quantified with a Qubit 2.0 fluorimeter (Thermo Fisher) and analysed on a 152 fragment analyser (Agilent Technologies). The pooled library was then size selected using BluePippin 153 (Sage Sciences) to remove short unspecific products and checked on a fragment analyser. Finally, 154 samples were single-end sequenced using a 150-cycle high-output sequencing kit on a NextSeq 500 155 Illumina Sequencer following the manufacturer's guidelines. Loci with coverages over 12x were scored 156 as in (Aykanat et al. 2016 ). The two focal SNPs used in the analyses were vgll3TOP, which exhibits the 157 strongest signal of association with age at maturity in the vgll3 genomic region, and six6TOP.LD in the 158 six6 haploblock on chromosome 9, the region that exhibited the second strongest association with sea 159 age at maturity prior to population structure correction and is 34.5 kb away from and in complete 160 linkage disequilibrium with the six6TOP SNP reported in Barson et al. (2015) . 161 Genetic stock identification (GSI) 162 In total, 2023 samples that had greater than 80% success in regard to microsatellite genotyping were 163 assigned to their population of origin with 31 microsatellite markers as described in (Svenning et al. 164 2019) using the Bayesian GSI methodology described in (Pella and Masuda 2001) and implemented in 165 cBayes 5.0.1 (Neaves et al. 2005) . In brief, the samples were allocated into 18 analysis groups, that is, 166 the combination of two time periods (May-June and July) and 10 fisheries regions, with each group 167 consisting of 30 to 288 samples for analysis. The GSI analyses were performed using five independent 168 chains of 100K iterations starting from three random stocks, and the last 10K iterations of each chain 169 were combined and used to assign individuals to their population of origin to remove the influence of 170 initial starting values. The baseline population data for the GSI analysis included genetic information 171 on 185 Atlantic salmon populations spanning from the Pechora River (Russia) in the east to the 172 Beiarelva River (Norway) in the west (see details in Ozerov et al. 2017) . A total of 1372 (64.7%) 173 individuals were confidently assigned to a population of origin (p > 0.7). Individuals assigned to a 174 population with low confidence (p < 0.7, N=651, 30.7%) were kept in the dataset with the highest 175 ranked population assigned as the population of origin. Samples with no assignment due to low 176 genotyping success with microsatellites (N=82, 3.9%) were assigned a population of origin using 7 genotype information from the SNP panel. For that, an individual was assigned to the population to 178 which it exhibited the highest genetic similarity, measured according to the average genetic similarity 179 of focal individuals to the individuals in each population (as inferred with the GSI analysis in the 180 previous step) using the A.mat function in the rrBLUP package (Endelman 2011) A very small subset 181 individuals (N=16, < 1%) that also exhibited poor genotyping success with SNPs (less than 50 SNPs 182 with successful genotyping) was randomly assigned to a population, in which population assignment 183 probability is weighted over the total number of individuals that were assigned by GSI.
184
The final dataset contained 2121 individuals after excluding previously spawned and escaped farmed 185 salmon. In the final dataset, 93.3% of the samples had visibly detectable developing gonads, 186 confirming concordance between sea age and sea age at maturity. Missing data points for some 187 variables were inferred from highly correlated variables. In that regard, missing sea age information 188 (i.e., due to unclear formation of sea annulus for detecting the correct sea-age for some first time 189 spawners) was inferred from length data for 15 (0.7%) individuals, where the likelihood of age, given 190 the length, was substantially higher (>20 times) for the inferred age group than for other age groups.
191
Additionally, for 21 (1.0%) individuals with missing length data, fit using coefficients of log(weight) to 192 log(length) regression (adjusted R 2 = 0.94) was used to estimate the missing length information from 193 the weight data. Finally, data for 33 (1.6%) individuals with missing vgll3TOP genotype scores were 194 inferred from the genotype score of an adjacent SNP marker in the genotyping panel, vgll3Met54Thr, 195 which is in close physical proximity to vgll3TOP with high linkage (r 2 = 0.79). model. In all models, population of origin was included as a random term to account for background 202 population effects. To control for spatio-temporal variation, sampling location (longitude) and the day 203 of sampling (Julian day, zero centred, and scaled to one standard deviation) were included as smoother 204 terms. Longitude, which explained 90.7% of the spatial variation (i.e., sampling locations mostly 205 occurred along a longitudinal axis (see Figure 1 ) and were included in the models as a surrogate for the 206 two-dimensional spatial distribution to decrease the parametrization of the model. In addition to 207 8 including the genetic variation in the six6 and vgll3 genomic regions additively in the model (i.e., 208 genotypes coded as a continuous factor with heterozygotes coded as the average of two homozygotes), 209 age at maturity and residual length (log transformed total length after controlling for age at maturity) 210 were also included in the model as categorical and continuous variables, respectively. All numeric 211 variables were centred and scaled. For both genomic regions (six6 and vgll3), alleles associated with 212 late and early age at maturity were labelled as L and E, respectively.
213
The general model structure was as follows: accounted for spatio-temporal variation in the diet with smoothing spline functions. When using the 225 gamm package, which provides a platform for generalized additive models, days and location were 226 modelled with a smooth function (s()). When using glmmTMB package, which provides a platform for 227 hurdle models but cannot directly model the smoother functions, an orthogonal spline design matrix 228 with a low-rank thin-plate function was generated using the spl function in the MCMCglmm package 229 (Hadfield 2010) in R and included in the model as fixed terms as a surrogate for the spatio-temporal 230 spline functions. The number of knot points (k, which defines the curvature of the spline function) was 231 set to five for both variables, but the results were robust to an increase in the k value, which did not 232 qualitatively change the results (data not shown).
233
A number of variables pertaining to the diet content data were used as response variables in this study.
234
Conceptually, these variables are linked to different aspects of diet acquisition mechanisms of this 235 9 species (e.g., Arrington et al. 2002) and may indicate different functional aspects associated with 236 performance and life history variation among individuals.
237

1)
The presence and amount of total diet content in the stomach: We used a two-component hurdle 238 model to simultaneously account for stomach content quantity and empty stomach probability. By this, 239 we tested for the prevalence of the "feast and famine" diet acquisition strategy in Atlantic salmon as a transformed to a discrete distribution by arbitrarily binning the total weight in 10 g increments, with 248 zero stomach content set as the first bin at a value of zero (Supp. Figure 1 ). This transformation 249 provided a distribution that can be modelled with the hurdle framework in the glmmTMB package 
2)
Total number and average weight of prey items in the stomach: An increase in the total prey 252 weight in the stomach can be explained either by an increase in prey number or an increase in the 253 average prey weight. Therefore, we next investigated the contribution of these two components in 254 terms of explaining the model using the same statistical framework as above. Similar to the total prey 255 weight, the average prey item weight (ranging between 0.2 and 300.2 g) was also transformed to 256 discrete units by arbitrarily binning the data at 5 g intervals, with zero stomach content set as the first 257 bin (Supp. Figure 1 ).
258
3)
Relative prey composition: Finally, to test whether sea age, size at age, or genotype is 259 associated with specific prey species, we modelled the prey composition, measured as the proportion of 260 a specific prey species contributing to the stomach content weight. We employed a binomial regression 261 using the mgcv package (Wood 2011) (as described above), whereby the proportion of a species in the 262 total prey weight was modelled as the response variable separately for all four species.
263
Extensively digested, unidentified content in the stomach (4.5% of the total stomach weight) was not 264 treated as diet material in order to accurately reflect the recent feeding activity (e.g., Jacobsen and 265 Figure 2 ). On average, prey size significantly differed among 279 species, with haddock being the heaviest, followed by herring, capelin, and sand eel (Supp. Figure 2 ).
280
Prey probability and weight in the stomach as a function of sea age, size at age, and genetic variation 281
The two-component hurdle model revealed a striking negative relationship between the probability of 282 non-empty stomach (e.g. presence of identifiable prey item in the stomach) and prey weight (grams) in 283 the stomachs of Atlantic salmon as a function of sea age (Figure 2a , Supp. Table 2 ). Young age groups 284 were more likely than older age groups to have non-empty stomachs. 1SW individuals were 1.45 (1.07 285 -1.95, 90% CI, p = 0.020) and 2.39 (1.73 -3.30, 90% CI, p < 0.001) times more likely to have any prey 286 item in their stomachs than 2SW and 3SW individuals, respectively, and 2SW individuals were 1.65 287 times more likely to have a prey item in their stomachs than 3SW fish (1.35 -2.00, 90% CI, p < 0.001).
288
The decrease in non-empty stomach was significantly associated with residual size variation within the 289 2SW age group (p = 0.027, Figure 2b) , with larger individuals having empty stomachs more often than 290 the smaller-sized fish in the same age group.
291
The six6*L allele, which has a higher frequency in populations with an older sea age at maturity 292 (Barson et al. 2015) , was associated with an increase in the probability of non-empty stomach in an 293 11 age-dependent order, with a more pronounced effect in younger age groups (Figure 3a ). Allelic 294 substitution from E to L in the six6 genomic region (i.e. change in effect size by changing one allele of 295 the genotype) increased the probability of prey occurring in the stomach by 1.56 (1.06 -2.30, 90% CI, 296 p = 0.057) and 1.25 times (1.08 -1.45, 90% CI, p < 0.014) in the 1SW and 2SW groups, respectively 297 ( Figure 3a ). Both age groups exhibited significant or near significant age-dependent genotype effects 298 relative to the 3SW group (p = 0.036 and 0.051, respectively, Figure 3a) . Strikingly, the increase in size 299 at age was in the opposite direction to the six6*L effect (Figures 2b & 3a) despite there being a 300 significant correlation between the two (Supp . Table 3 ), suggesting the occurrence of complex, 301 contrasting effects of six6 across different phenotypic classes.
302
The conditional truncated negative binomial model suggested that young age groups had significantly 303 less prey content in their stomachs than older age groups despite a higher likelihood of having non-304 empty stomach (Figure 2a ). The contrasting results between the zero-inflated and truncated negative 305 binomial components suggest that resource acquisition strategies differ among age groups. The model 306 estimated, on average, 9.9 g (7.0 -13.9, 90% CI), 24.8 g (21.8 -28.6, 90% CI), and 41.5 g (33.8 -50.9, 307 90% CI) of prey items in the stomachs of 1SW, 2SW and 3SW fish, respectively, all of which were 308 highly significantly different from one another (p < 0.001). Residual length at age also appears to be a 309 predictor of prey content, but only significantly so in the 2SW age group (p = 0.027, Figure 2b ).
310
The conditional model suggested that the six6*L allele was associated with increased total stomach 311 weight in the young age groups (1SW and 2SW) but not in the 3SW group (Figure 3a) . The allelic 312 substitution effect from E to L was significant and associated with a 1.87-fold (1.29-2.73, 90% CI, p = 313 0.006) increase in prey weight in the 1SW group and was marginal in the 2SW group, associated with a 314 1.14 (1.00-1.30, 90% CI, p = 0.099) increase in prey weight (Figure 3a ).
315
The vgll3 genomic region was not associated with diet content variation, suggesting no link between 316 the two (Figure 3b ). However, the region may be subject to evolution via selection on sea age variation, 317 since the vgll3 effect covaries with age at maturity and length at age. Accordingly, the effect of vgll3 318 was significant when these covarying phenotypes were not accounted for in the model (Supp . Table 4 ).
319
Spatio-temporal variance in the dataset was substantial in explaining diet variation in both components 320 of the hurdle model (Supp. Figure 3) . In general, diet presence and quantity 321 were the highest at the westerly end of the distribution, with a gradual decrease towards the east. At the 322 temporal scale, sampling days in the middle of the sampling period were associated with a higher 323 presence and quantity of diet in the stomach (Supp. Figure 3 ).
324
Population of origin did not appear to be a significant source of diet variation and explained only a 325 fraction of the total variation in diet content (Supp. Table 2 ). When the analysis was performed with 326 samples assigned to a population of origin with high confidence (N=1372), the variance due to 327 population was similarly small (e.g., Supp. Table 5 shows the results for total stomach weight as the 328 response variable; the results for other response variables, prey size and prey weight, are not shown), 329 and the model was less parsimonious than that without the population effect, as assessed by comparing 330 the model fit by difference in their Akaike information criterion (ΔAIC = 3.42).
331
In our framework, digested, unidentified material in the stomach was not included in the analysis (e.g.,
332
Jacobsen and Hansen 2001). However, the results were qualitatively similar when digested material 333 was included in the analysis (Supp. Figure 4) .
337
In general, both the number of prey items and the increase in the individual prey weight contributed to 338 the variation in the total stomach weight (Figures 2 & 3 salmon. The average prey weight, but not the prey number, was also significantly different between the 344 2SW and 1SW age groups (p < 0.001, Figure 2a ). Size within age group also significantly influenced 345 the number and size of prey. Larger fish within the 3SW age group had fewer (p < 0.001) but heavier 346 (p < 0.001) prey items in the diet than smaller fish, and larger 2SW individuals consumed smaller prey 347 items (p < 0.001, Figure 2b , Supp. Tables 7 & 8) .
348
The number and size of prey items was also explained by the six6 genotype in an age-dependent 349 manner, with a more pronounced effect in the relatively young age groups. The E to L substitution in 350 six6 was associated with a 1.60-fold (1.08-2.36, 90% CI, p = 0.048) increase in prey number in the 351 13 1SW age group (Figure 3a) . The allelic substitution was also associated with 1.65-fold (1.07-2.56, 90% 352 CI, p = 0.056) and 1.22-fold (1.04-1.42, 90% CI, p = 0.040) increases in average prey weight in the 353 1SW and 2SW age groups, respectively, which was significant compared to that observed in the 3SW 354 age group (p = 0.018 and 0.030, respectively, Figure 3a ). Genetic variation in vgll3 was not 355 significantly associated with average individual prey weight or prey number after controlling for age at 356 maturity (Figure 3b ).
357
Relative prey composition as a function of sea age, size, and genetic variation 358 Finally, we modelled the relative prey composition, measured as the proportion of a specific prey 359 species contributing to the stomach content weight. In general, prey composition substantially varied 360 across different age groups, suggesting a change in prey composition as the fish grow older (Figure 4 ).
361
In general, older age groups were more likely to prey on herring and haddock, while younger age 362 groups preyed on capelin and sand eel. The same pattern was observed within age groups, (e.g. larger 363 fish within an age group had proportionally more herring and haddock than smaller fish in the same age 364 group) albeit generally not significantly (Supp. Figure 5 ), suggesting that size may be a contributing 365 factor explaining prey composition. In all analyses, spatio-temporal variation was a significant 366 component explaining the prey composition (Supp . Table 9 ).
367
Genetic variation in six6 and vgll3 did not appear to be a strong predictor of prey composition, but 368 some notable associational trends existed for the two genomic regions (Supp. Figure 6 , Supp. Table 9 ).
369
Particularly, E to L substitution in vgll3 is associated with 1.31 times (1.01-1.70, 90% CI, p = 0.089) 370 and 1.49 times (1.03-2.16, 90% CI, p = 0.076) fewer capelin in the stomach relative to other prey 371 species in the 2SW and 3SW age groups, respectively (Supp. Figure 6 ). Additionally, there was a 372 significant age-dependent preference for capelin over herring associated with the E to L substitution in 373 the six6 genomic region (Supp. Figure 6) . When compared to putatively neutral SNPs in the genotyping 374 panel, capelin composition modelled with vgll3 ranked 12 th out of 164 SNPs (0.073, Supp. Figure 7) , a 375 value that is consistent with the analytically inferred p-value. Finally, when sea age and size at age 376 were not controlled for, as expected, genetic variation in both the vgll3 and six6 genomic regions 377 explained a substantial portion of the variation in relative prey composition, suggesting that genetic 378 variation may further influence changes in prey composition via the association with size and age at 379 maturity (Supp. In this study, we demonstrated that diet acquisition strategies in the sea vary with sea age in Atlantic 382 salmon and that this variation is associated with genetic variation in key life history genomic regions, 383 particularly in the six6 genomic region. The variation in diet explained by sea age and size at age was 384 mostly concordant, suggesting that size is the major driver of diet variation, influencing both the 385 quantity and species composition of prey (Figures 2 & 4) . Atlantic salmon prey on heavier but fewer 386 prey as they grow older and larger, which seems to be a strategy that comes at the expense of a reduced 387 prey acquisition probability (Figure 2a Atlantic salmon as a model species to study the evolutionary physiology of starvation and feeding in 411 response to environmental changes in the wild.
412
Although salmon are generally considered to be diet generalists, the association between life history 413 genomic regions (six6 and marginally vgll3) and diet acquisition suggests that genetically controlled 414 intraspecific diet specialization occurs in Atlantic salmon. This genetic variation may be linked to 415 specialized dietary adaptations (e.g., physiological, morphological or behavioural) allowing the 416 efficient utilization of diverse diet sources, resulting in increased niche breadth and reduced 417 intraspecific competition (Dalmo et al. 1997 , Bolnick et al. 2003 , Bolnick and Fitzpatrick 2007 Svanback and Bolnick 2007). In particular, the six6*L allele was associated with increased content in 419 the stomach, especially in young age groups, which was explained by both an increase in the number of 420 prey items and an increase in the average prey weight in the stomach. Intriguingly, however, the six6*L 421 allele was associated with a larger fish size within all sea ages (Supp. 2015). Given that larger size at a given sea age is indicative of higher performance and fitness in adult 423 salmon (e.g., Fleming 1996), the six6*L allele (being linked to larger size) is predicted to have a 424 selective advantage over the E allele and is hence predicted to prevail within and among populations. In marginally less likely to feed on capelin, particularly in older age groups (2SW and 3SW). In addition,
468
in contrast to herring, which was the most common prey item in the stomachs of the individuals in the 469 2SW and 3SW age groups (Figure 4) , capelin is likely a lower-energy prey item for Atlantic salmon 470 (Elliott and Gaston 2008 , Hedeholm et al. 2011 , Renkawitz et al. 2015 . This supports the notion that 471 vgll3*L may contribute to foraging adaptations to support the high-energy demands associated with the 472 larger body size of late maturing fish. However, the mechanisms driving such a compositional 473 difference have yet to be determined.
474
Overall, genetic variation in both life history genomic regions appears to have a role in intraspecific 475 diet specialization, but the mechanisms remain to be clarified. Although the underlying mechanism of 476 diet specialization is complex (e.g., Mittelbach et al. 2014) analysis, which is sensitive to diet variation only across trophic levels, would have been unable to tease 508 the observed variation apart, suggesting that stomach content analysis is a more robust approach when 509 diet composition is variable only within similar trophic levels.
510
Marine ecosystems, which are composed of mostly poikilothermic species, are sensitive and highly 
